
ORIGINAL ARTICLE

Effect of Tacrine-3-caffeic Acid, A Novel Multifunctional
Anti-Alzheimer’s Dimer, Against Oxidative-Stress-Induced Cell
Death in HT22 Hippocampal Neurons: Involvement of Nrf2/HO-1
Pathway

Xiao-Juan Chao,1,† Zi-Wei Chen,1 An-Min Liu,2 Xi-Xin He,3 Shao-Gui Wang,1 Yu-Ting Wang,1 Pei-Qing Liu,1

Charles Ramassamy,4 Shing-Hung Mak,5 Wei Cui,5 Ah-Ng Kong,6 Zhi-Ling Yu,7 Yi-Fan Han5,8 & Rong-Biao Pi1

1 Department of Pharmacology & Toxicology, School of Pharmaceutical Sciences, Sun Yat-Sen University, Guangzhou, China

2 Department of Neurosurgery, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University, Guangzhou, China

3 Department of Traditional Chinese Medicine Chemistry, College of Chinese Materia Madica, Guangzhou University of Chinese Medicine, Guangzhou,

China

4 INRS-Institut Armand Frappier, Laval, QC, Canada

5 Department of Applied Biology and Chemical Technology, Hong Kong Polytechnic University, Hong Kong, China

6 Department of Pharmaceutics, Ernest Mario School of Pharmacy, Rutgers, The State University of New Jersey, Piscataway, NJ, USA

7 Research & Development Division, School of Chinese Medicine, Hong Kong Baptist University, Hong Kong, China

8 State Key Laboratory of Chinese Medicine and Molecular Pharmacology (Incubation), Hong Kong Polytechnic University, Shenzhen, China

Keywords

Cell death; HO-1; Nrf2; Oxidative stress; T3CA.

Correspondence

Rong-Biao Pi, Department of Pharmacology &

Toxicology, School of Pharmaceutical

Sciences, Sun Yat-Sen University, Guangzhou

510006, China.

Tel.: +86-20-3994-3122;

Fax: +86-20-3994-3122;

E-mail: pirb@mail.sysu.edu.cn

Received 9 February 2014; revision 23 April

2014; accepted 24 April 2014

doi: 10.1111/cns.12286

†Research and Development Division, School

of Chinese Medicine, Hong Kong Baptist

University, Hong Kong, China

The first two authors contributed equally to

this work.

SUMMARY

Aims: Oxidative stress (OS) plays an important role in the pathogenesis of neurodegenera-

tive diseases, including Alzheimer’s disease (AD). This study was designed to uncover the

cellular and biochemical mechanisms underlying the neuroprotective effects of tacrine-

3-caffeic acid (T3CA), a novel promising multifunctional anti-Alzheimer’s dimer, against

OS-induced neuronal death. Methods and Results: T3CA protected HT22 cells against

high-concentration-glutamate-induced cell death in time- and concentration-dependent

manners and potently attenuated glutamate-induced intracellular reactive oxygen species

(ROS) production as well as mitochondrial membrane-potential (DΨ) disruption. Besides,

T3CA significantly induced nuclear factor erythroid 2-related factor 2 (Nrf2) nuclear trans-

location and increased its transcriptional activity, which were demonstrated by Western

blotting, immunofluorescence, and antioxidant response element (ARE)-luciferase reporter

gene assay. Further studies showed that T3CA potently up-regulated heme oxygenase-1

(HO-1), an endogenous antioxidative enzyme and a downstream effector of Nrf2, at both

mRNA and protein levels. The neuroprotective effects of T3CA were partially reversed by

brusatol, which reduced protein level of Nrf2, or by inhibiting HO-1 with siRNA or ZnPP-IX,

a specific inhibitor of HO-1. Conclusions: Taken together, these results clearly demonstrate

that T3CA protects neurons against OS-induced cell death partially through Nrf2/ARE/HO-1

signaling pathway, which further supports that T3CA might be a promising novel therapeu-

tic agent for OS-associated diseases.

Introduction

Oxidative stress (OS) is an inevitable by-product of cellular

respiration, and cells adapt to increased levels of reactive oxygen

species (ROS) by a series of endogenous antioxidative proteins

and phase II antioxidant enzymes, such as heme oxygenase-1

(HO-1) [1]. OS has been implicated in the pathogenesis of many

neurodegenerative diseases [2,3] and is recognized as one of the

earliest pathological changes of Alzheimer’s disease (AD) [4–6].

Treatment with antioxidants might be of benefit to reduce

oxidative damage and to delay AD progress [7,8]. HO-1 is an

inducible enzyme that catalyzes the rate-limiting step of free

heme degradation into free iron, biliverdin, and carbon

monoxide [9]. The expression of HO-1 is regulated by several
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transcriptional pathways, including nuclear factor erythroid 2-

related factor 2 (Nrf2) [10]. Nrf2 is a basic-leucine zipper (bZIP)

transcription factor that localizes in the cytoplasm bounding to its

inhibitor protein, Kelch-like ECH-associated protein 1 (Keap1)

[11]. After being activated, Nrf2 disassociates from Keap1, trans-

locates to the nucleus, and binds to the antioxidant response

element (ARE) sequences in the promoter regions of a set of

cytoprotective genes and activates their transcription [12]. Nrf2/

ARE pathway is now considered as a therapeutic target for the

treatment of many OS-associated diseases, including AD in

particular [13–16].

Glutamate is a major excitatory neurotransmitter in central ner-

vous system (CNS). At high concentrations, glutamate is neuro-

toxic and causes neuronal cell loss associated with acute insults

and chronic neurodegenerative diseases, including AD [17]. Glu-

tamate-induced neuronal cell death has been shown through two

pathways: receptor-mediated excitotoxicity and non-receptor-

mediated OS [18,19]. A glutamate/cystine antiporter but not ion-

otropic glutamate receptors was involved in the non-receptor-

mediated OS. The glutamate/cystine antiporter is required for the

delivery of cystine into neuronal cells. High concentrations of

extracellular glutamate inhibit the uptake of cystine, which leads

to an imbalance in cellular cysteine homeostasis, progressive

depletion of glutathione (GSH), accumulation of ROS, and even-

tually cell death [20]. HT22 cell line is a mouse immortalized hip-

pocampal neuronal cell line and lacks functional glutamate

receptors [21]. Therefore, it was frequently used in the analysis of

OS-induced neuronal cell death by exposure to high concentra-

tions of glutamate [22].

Previously, we reported that tacrine-3-caffeic acid (T3CA, (2E)-

3-(3,4-dihydroxy phenyl)-N-[3-(6-chloro-1,2,3,4-tetrahydroacri-

din-9-ylamino)-propyl]acrylamide) (Figure 1), a novel promising

multifunctional dimer against AD, can prevent glutamate- or

H2O2-induced cell death in HT22 cells [23]. Our present study

aims to investigate the cellular and biochemical mechanisms

underlying the neuroprotective effects of T3CA against OS-

induced neuronal death. T3CA was found to protect neurons

against glutamate-induced injury and to attenuate mitochondrial

damage, at least partially, through the Nrf2/ARE/HO-1 signaling

pathway.

Materials and Methods

Materials

T3CA (purity > 99.0%) was synthesized by our laboratory.

Glutamate was purchased from Research Biochemicals Interna-

tional (Natick, MA, USA). Trypsin, 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide

(DMSO), dihydroethidium (DHE), 20,70-dichlorofluorescin diace-

tate (H2-DCF-DA), rhodamine 123, and carbonyl cyanide

3-chlorophenylhydrazone (CCCP) were obtained from Sigma-

Aldrich (St. Louis, MO, USA). ZnPP-IX was purchased from

Calbiochem (San Diego, CA, USA). Brusatol was obtained from

Chengdu PureChem-Standard Co., Ltd. (Chengdu, China). Fetal

bovine serum (FBS) and Dulbecco’s modified Eagle’s medium

(DMEM) were purchased from Gibco-BRL (Grand Island, NY,

USA). T3CA was dissolved in DMSO as 1000-fold of final

concentration and kept in �20°C without light. Glutamate was

dissolved in culture medium as 20-fold of final concentration

before used.

Cell Culture and Treatment

HT22 cells were maintained in DMEM containing 10% FBS and

incubated at 37°C under 5% CO2. To study the protective effect of

T3CA on glutamate-induced neuronal death or effects of ZnPP-IX,

an inhibitor of HO-1, cells were seeded in 96-well plates (10,000

cells/well), and 6 wells were used for each group. Cells were pre-

treated with T3CA for 30 min or ZnPP-IX for 1 h before exposure

to glutamate unless stated otherwise. Control group was treated

with 0.1% (v/v) DMSO as vehicle control.

MTT Assay and Lactate Dehydrogenase Release
Assay

The cell viability was determined by MTT assay as previously

described [24]. The release of lactate dehydrogenase (LDH) in

the culture medium was determined using a commercially

available kit (Jiancheng Biochemical, Nanjing, China), as per

manufacturer’s protocol. Briefly, the supernatants of each well

were transferred into a 96-well microplate, and reaction mix-

ture was added to each well for 30 min at room temperature.

Optical density was measured as the LDH levels using a micro-

plate reader (Bio-Tek, Winooski, VT, USA), and all data were

represented as folds over control.

Measurement of ROS

Intracellular ROS was detected using two fluorescent dyes,

H2-DCF-DA and DHE [25,26]. After treatment, cells were

washed with phosphate-buffered saline (PBS, pH 7.4) and then

stained with 10 lM H2-DCF-DA or DHE in serum-free medium

for 30 min at 37°C in the dark. The cells were washed with

PBS and then photographed using a fluorescence microscope

(Olympus, Tokyo, Japan) or extracted with 1% Triton X-100 in

PBS for 10 min at 37°C. Fluorescence was recorded with an

excitation wavelength of 490 nm and an emission wavelength

of 525 nm for H2-DCF-DA or an excitation wavelength of

490 nm and an emission wavelength of 595 nm for DHE by a

fluorimetric plate reader Flex Station 3 (Molecular Devices,

Sunnyvale, CA, USA). Values were expressed as a percentage of

the fluorescence relative to the untreated control.

Estimation of Intracellular GSH and Superoxide
Dismutase Activity

GSH level and the superoxide dismutase (SOD) activity were

examined as described previously using commercial assay kits

(Jiancheng Biochemical, Nanjing, China) [27]. After treatment,

whole-cell lysate was prepared according to manufacturer’s

instructions. The amount of proteins was determined using the

BCA assay (Pierce, Rockford, IL, USA). GSH level and relative

SOD activity were normalized with protein content, and rela-

tive SOD activity was shown as percentage of the SOD activity

present in control cells.
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Determination of Mitochondrial Membrane
Potential

Rhodamine 123 was used to determine the mitochondrial

membrane potential (DΨ) as previously reported [28]. After

treatment, cells were treated with 10 lM CCCP, a mitochon-

drial membrane uncoupler as positive control, 5 min before

staining. For fluorescence photomicrographs, cells were incu-

bated with 5 lg/mL rhodamine 123 in PBS for 15 min at 37°C

in the dark, then washed with PBS, and subjected to a laser-

scanning confocal microscopy (Zeiss LSM 710, Oberkochen,

Germany). For flow cytometric analysis, cells were harvested

and resuspended in 1 mL PBS containing 5 lg/mL rhodamine

123. After incubating for 15 min at 37°C in the dark, cells

were washed once with PBS and then analyzed using Flow

Cytometer (Beckman Coulter, Brea, CA, USA); mean fluores-

cence intensity (MFI) of 10000 cells/sample was presented.

Mitochondrion Isolation

Mitochondria were isolated to test the cytochrome c release as

described previously [29]. After treatment, cells were harvested

by trypsinization and washed with ice-cold PBS. The cells were

resuspended in lysis buffer (10 mM NaCl, 1.5 mM MgCl2,

250 mM sucrose, 1 mM EGTA, 20 mM HEPES-KOH pH 7.4, and

freshly added 1 mM DTT) with protease inhibitors’ cocktails

(Roche, Basel, Switzerland). Cells were manually homogenized

with a motor-driven Teflon pestle homogenizer. Cell extracts were

(A) (B) (C)

(D) (E) (F)

Figure 1 Chemical structure of tacrine-3-caffeic acid (T3CA) and T3CA protects HT22 cells against glutamate-induced cytotoxicity. HT22 cells were

treated with glutamate at the indicated concentrations for 24 h (A) or with 5 mM glutamate for indicated time (B). HT22 cells were photographed using a

photomicroscope (9200) after cells were pretreated with/without 30 lM T3CA for 30 min and then incubated with/without 5 mM glutamate for 24 h (C).

HT22 cells were pretreated with/without T3CA at the indicated concentrations for 30 min and then incubated with/without 5 mM glutamate for 24 h (D,E).

HT22 cells were treated with 5 mM glutamate for 24 h, with/without addition of T3CA, or T3CA was added simultaneously or after the exposure to

glutamate for indicated time (F). Cell viability was determined using the MTT assay, and LDH release was determined using the LDH release assay. The

data were represented as mean � SD, n = 6. **P < 0.01 versus glutamate (5 mM)-treated alone cells. ##P < 0.01 versus vehicle-treated control.
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centrifuged at 1100 g for 15 min at 4°C, followed by supernatant

centrifugation at 15,000 g for 15 min at 4°C. The mitochondrial

pellet was resuspended in homogenization buffer (10 mM NaCl,

1.5 mM MgCl2, 250 mM sucrose, 1 mM EGTA, 20 mM HEPES-

KOH pH 7.4, and freshly added 50 mM DTT) and with protease

inhibitors’ cocktails (Roche), and the total amount of protein was

quantified using BCA assay (Pierce).

Western Blotting Analysis

Western blotting analysis was performed as previously described

[30]. Nuclear and cytoplasmic extracts were isolated using Nuclear

Extraction kit (Fermentas, Pittsburgh, PA, USA) and protease

inhibitors’ cocktails (Roche) according to the manufacturer’s

instructions. The antibodies used are listed in Table 1.

Immunofluorescence Staining

The nuclear distribution of Nrf2 was analyzed using immuno-

fluorescence staining with specific antibody against Nrf2 [31].

After treatment with T3CA, HT22 cells were fixed with 4%

(w/v) paraformaldehyde at room temperature for 30 min, then

washed with PBS, and permeabilized in 0.1% (w/v) Triton X-

100 at room temperature for 30 min followed by blocking with

10% normal goat serum (Gibco) in PBS for 1 h. The cells were

incubated with primary anti-Nrf2 antibody (1:100) overnight at

4°C. After washed three times with PBS, the cells were incu-

bated with fluorescein isothiocyanate-conjugated secondary

antibody for 1 h in the dark. Stained cells were washed and

photomicrographed using a laser-scanning confocal microscope

(Zeiss LSM 710).

RNA Extraction and RT-PCR

Total RNA was extracted using Trizol reagent (Takara Biotechnol-

ogy Co., Dalian, China) and was reverse-transcribed using One-

step RT kit (Takara Biotechnology Co.) as described previously

[24]. Amplification of cDNA by polymerase chain reaction was

performed using Platinum Taq DNA polymerase (Takara

Biotechnology Co., Dalian, China) and specific primers (Invitro-

gen, Shanghai, China, HO-1: forward, 50-ACAGAAGAGGCTAAG

ACCGC; reverse, 50-TGTCAGGTATCTCCCTCCATT; b-actin: for-

ward, 50-AGCCATGTACGTAGCCATCC; reverse, 50-CTCTCAGCT
GTGGTGGTGAA). The results were obtained in 28–30 cycles of

amplification. PCR products were separated by electrophoresis,

visualized under UV light, and quantified by densitometric analy-

sis using volume integration with Quantity One (Bio-Rad Labora-

tories, Hercules, CA, USA).

Transient Transfection and ARE-Luciferase Assay

The Dual-luciferase Reporter Assay System (Promega, Medison,

WI, USA) was used to determine ARE-luciferase activity in tran-

sient transfected HT22 cells. HT22 cells were seeded in 48-wells at

density of 3 9 104 per well, and 3 wells were used for each group.

The ARE-driven luciferase reporter plasmid pGL6-ARE and the

Renilla luciferase pRL-TK vector, used for normalization, were co-

transfected into HT22 cells. Each well of cells was transfected with

200 ng of pGL6-ARE and 20 ng pRL-TK using lipofectamine 2000

(Invitrogen) according to the manufacturer’s instructions. After

transfection and treatment, the cell lysates were prepared with

passive lysis buffer, and the firefly and Renilla luciferase activities

were measured using a luminometer according to the manufac-

turer’s instructions. Relative firefly luciferase activity was normal-

ized to Renilla luciferase activity.

Small RNA Interference

SiRNA duplexes and nontargeting control siRNA were purchased

from Jima Biotechnology (Shanghai, China). The sequences of

siRNA targeting the mouse HO-1 (sense, 50-AAGCCACACAGCA
CUAUGUAAdTdT-30; antisense, 50-UUACAUAGU- GCUGUGUGG
CUUdTdT-30) were synthesized according to previous reports [32].

The cells were transfected at a density of ~50% confluence with

siRNA duplex (50 nM) using Lipofectamine 2000 (Invitrogen).

After transfection for 48 h, cells were processed for MTT assay or

Western blotting analysis.

Statistical Analysis

The data were presented as the means � standard error. Statistical

analyses between two groups were performed by unpaired Stu-

Table 1 Summary of antibodies and working conditions used in the experiments

Antibody Species Source Dilution

Primary antibodies

Anti-b-actin Mouse, monoclonal Sigma-Aldrich 1:10,000

Anti-Nrf2 Rabbit, polyclonal Santa Cruz Biotechnology Inc. CA, USA 1:500a, 1:100b

Anti-HO-1 Rabbit, monoclonal Epitomics, China 1:1000

Anti-Cytochrome C Mouse, monoclonal BD Biosciences, San Jose, CA, USA 1:500

Anti-Bcl 2 Rabbit, polyclonal Santa Cruz Biotechnology Inc. CA, USA 1:1000

Anti-Keap1 Rabbit, polyclonal Santa Cruz Biotechnology Inc. 1:300

Secondary antibodies

Anti-Rabbit (HRP) Goat Santa Cruz Biotechnology Inc. 1:1000

Anti-Mouse (HRP) Rabbit Promega 1:10,000

Anti-Rabbit (FITC) Goat Santa Cruz Biotechnology Inc. 1:1000

aImmunoblotting. bImmunofluorescence.
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dent’s t-test. Differences between groups were tested by one-way

analysis of variance (ANOVA). Following ANOVA, the Tukey’s

test was used and P < 0.05 was accepted to be statistically signifi-

cant.

Results

T3CA Protects HT22 Cells Against Glutamate-
Induced Cytotoxicity

First, the dose response and time course of glutamate-induced cell

death were determined. HT22 cells were exposed to various con-

centrations of glutamate (2.5–10 mM) for 24 h or to 5 mM gluta-

mate for various time periods (6–24 h), and cell viability was

decreased in concentration- and time-dependent manners (Fig-

ure 1A,B). Cell viability reduced over 70% and cells became

shrinkage and even debris, changing greatly in morphology after

exposure to 5 mM glutamate for 24 h (Figure 1C).

T3CA alone at concentration higher than 10 lM caused a weak

decrease in cell viability (MTT assay, Figure 1D), but did not

increase in LDH release (Figure 2E). Pretreatment with T3CA

(10-100 lM) for 30 min, followed by exposure to 5 mM gluta-

mate, markedly attenuated glutamate-induced HT22 cell death

(Figure 1C–F). T3CA (30 lM) effectively prevented HT22 cells

death and reduced LDH release, both of which were induced by

5 mM glutamate. Therefore, 30 lM T3CA and 5 mM glutamate

were selected for further studies to investigate the mechanism

underlying T3CA’s neuroprotective effect. Moreover, added

simultaneously with glutamate or 30 min to 6 h after the addition

of glutamate, T3CA also prevented HT22 cell death against gluta-

mate-induced cytotoxicity (Figure 1F).

T3CA Inhibits Glutamate-Induced ROS
Accumulation

To monitor the effects of T3CA on intracellular ROS level, H2-

DCF-DA and DHE staining assays were used [33]. The accumula-

tion of ROS in HT22 cells was markedly increased by glutamate

treatment, while the increase in ROS was abrogated when cells

were pretreated with T3CA (Figure 2A,B). Similar results were

obtained from DHE staining assay (Figure 2A,C).

Effect of T3CA on Intracellular Glutathione and
SOD Levels

The exposure to glutamate for 24 h dramatically decreased intra-

cellular GSH levels and SOD enzymatic activity. However, after

pretreatment with T3CA for 30 min, intracellular GSH levels and

(A)

(B)

(D)

(C)

(E)

Figure 2 T3CA inhibits glutamate-induced ROS

formation but does not restore the depletion of

intracellular GSH and SOD enzyme activity in

HT22 cells. Cells were pretreated with/without

30 lM T3CA for 30 min and then exposed to

5 mM glutamate for 12 h followed by

incubation with 10 lM H2-DCF-DA (A,B) for

30 min or exposed to 5 mM glutamate for

16 h followed by incubation with 10 lM DHE

for 30 min (A,C). Cells were photographed

using a fluorescence microscope (9200), and

fluorescence was recorded with a fluorimetric

plate reader. HT22 cells were pretreated with/

without 30 lM T3CA for 30 min and then

exposed to 5 mM glutamate for 24 h (D,E).

The SOD enzymatic activity was normalized as

a ratio relative to the control activity. The data

were represented as mean � SD, n = 6.

**P < 0.01 versus glutamate-treated alone

cells. #P < 0.05, ##P < 0.01 versus vehicle-

treated control.
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SOD enzymatic activity were slightly increased, but no significant

changes were found (P > 0.05, Figure 2D,E).

T3CA Protects Mitochondrial Damage

Glutamate exposure significantly hyperpolarizes the mitochon-

drial membrane and causes mitochondrial disruption [29].

FACS analysis and photomicrograph of the mitochondria using

rhodamine 123 showed that green fluorescence significantly

increased while cells were exposed to positive control CCCP, a

mitochondrial membrane uncoupler, which could result in a

fast breakdown of the mitochondrial membrane potential (DΨ)

[34]. A similar shift was detected when glutamate was applied

while pretreatment with T3CA blocked it (Figure 3A,B). To

further study the consequences of glutamate-induced loss of

DΨ, we determined the release of the mitochondrial protein

cytochrome c (Cyto c) into the cytosol and the expression of

Bcl-2, which was capable of regulating apoptosis. Cyto c was

increased in the cytosolic fraction following glutamate expo-

sure, and it was reduced by pretreatment with T3CA. However,

pretreatment of T3CA did not alter the expression of Bcl-2

(Figure 3C,D).

(A) (B)

(C) (D)

Figure 3 T3CA prevents mitochondrial damage. HT22 cells were pretreated with/without 30 lM T3CA for 30 min and then exposed to 5 mM glutamate

for 12 h. Cells were then stained with the mitochondrial dye rhodamine 123 as described under Materials and methods and then photographed using

laser-scanning confocal microscope (A) or analyzed using a flow cytometer (B). CCCP (blue line) was used as positive control. Glutamate-treated group

(red line) and T3CA combined with glutamate group (green line) were compared with control (solid gray). Mitochondria were isolated as described under

Materials and methods. Mitochondrial proteins, cytosolic proteins, and whole cell extracts were subjected to SDS-PAGE and immunoblotting with

antibodies specific to cytochrome c, Bcl-2, and b-actin as a control (C,D). The bands are representative of three independent experiments. The data were

represented as mean � SD, n = 3. *P < 0.05, **P < 0.01 versus glutamate-treated alone cells. ##P < 0.01 versus vehicle-treated control.
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HO-1 Mediates T3CA’s Protection

HO-1, one target gene of Nrf2, has been proposed to play an

important cytodefensive role against oxidant damage. Thus, we

investigated the expression of HO-1 at both mRNA and protein

levels after treatment with T3CA and/or glutamate for various

time periods. Treatment with 30 lM T3CA alone and the mRNA

and protein levels of HO-1 were increased in a time-dependent

manner within 6 and 12 h, respectively, and slightly decreased

thereafter (Figure 4A,B). After treatment for 6 or 12 h, the mRNA

and the protein levels of HO-1 were increased to more than 2.5-

fold and 3-fold, respectively (Figure 4C,D), while after exposure

to 5 mM glutamate alone for the same period, both mRNA and

protein expressions of HO-1 were not altered significantly. Pre-

treatment with T3CA before exposure to glutamate persistently

up-regulated HO-1 at both mRNA and protein levels within 12

and 24 h (Figure 4A,B).

To investigate the role of HO-1 in the protective effects of T3CA,

HO-1 was either silenced by siRNA or inhibited by ZnPP-IX, an

inhibitor of HO-1. Transfection with siRNA targeting HO-1 attenu-

ated the T3CA-induced up-regulation of HO-1 (Figure 5A), while

transfection with the nontargeting control (NC) siRNA did not affect

the protein level of HO-1. Accordingly, silencing HO-1 reversed the

protective effects of T3CA against glutamate-induced HT22 cell

death (Figure 5B). Besides silencing HO-1, inhibition of HO-1 with

ZnPP-IX also attenuated the protective effects of T3CA (Figure 5C).

T3CA Promotes Nrf2 Nuclear Translocation and
ARE Activation

Activation of Nrf2 contributes to the up-regulation of HO-1 expres-

sion [35]. To investigate whether T3CA treatment alters the Nrf2

nucleus translocation and ARE-driven transcriptional activity in

HT22 cells, multiple approaches were used. The cells were incubated

with T3CA for 3–12 h at 30 lM, and the Nrf2 levels in the nuclear

fractions of T3CA-treated cells showed a gradual increase, while

they declined concomitantly in the cytoplasm (Figure 6A,B). Nrf2

was dramatically translocated to the nucleus after 12-h treatment

(Figure 6C). Compared to that in cytoplasm, Nrf2 accumulation in

nucleus increased by over fivefold in T3CA-alone-treated group and

by sevenfold in T3CA-plus-glutamate-treated group (Figure 6B).

In addition, HT22 cells transiently transfected with the ARE-

luciferase plasmid were exposed to T3CA, and alteration in lucifer-

ase activity was used as a measurement of ARE-driven transcrip-

tion activity. The reporter assay showed that T3CA increased

ARE-driven luciferase activity in a concentration-dependent man-

ner from 3 to 30 lM (Figure 6D).

To investigate the role of Nrf2 in the up-regulation of HO-1 by

T3CA and the protective effects of T3CA, brusatol was used.

Brusatol was reported as a unique inhibitor of the Nrf2 pathway,

which selectively reduces the protein level of Nrf2 through

enhanced ubiquitination and degradation of Nrf2 [36]. Coincuba-

tion with 30 lM T3CA and 100 nM brusatol potently decreased

the protein level of Nrf2 and dramatically reversed T3CA-medi-

ated HO-1 up-regulation (Figure 6E). Accordingly, coincubation

with T3CA and brusatol reversed the protective effects of T3CA

against glutamate-induced HT22 cell death (Figure 6F).

T3CA Decreases Keap1 Protein Level

Under normal conditions, Nrf2 binds to Keap1, which targets Nrf2

for ubiquitin-dependent degradation in the cytoplasm and

represses Nrf2-dependent gene expression [37]. After cells are

exposed to reactive chemicals or OS, one or more critical cysteine

residues in Keap1 can be modified, which results in degradation of

Keap1, disassociation of Keap1 and Nrf2, and nuclear translocation

of Nrf2 [38]. To investigate the way T3CA activates the Keap1/

Nrf2/ARE pathway, the protein level of Keap1 was measured.

Keap1 was potently decreased after exposure to T3CA for 1 h and

was maintained in a very low level within 12 h (Figure 7).

(A)

(B)

(C) (D)

Figure 4 T3CA up-regulates HO-1. HT22 cells

were pretreated with/without 30 lM T3CA for

30 min and then exposed to 5 mM glutamate

for indicated time. (A) For RT-PCR analysis,

whole mRNA extracts were subjected to RT-

PCR assay, PCR products were separated by

electrophoresis and visualized by UV trans-

illuminator. The gels are representative of

three independent experiments. (C) The

statistics was representative of bands of

control and treatment for 6-h group. (B) For

immunoblotting assay, whole cell extracts

were subjected to SDS-PAGE and

immunoblotting with antibodies specific to HO-

1 and b-actin as a control. The bands are

representative of three independent

experiments. (D) The statistics was

representative of bands of control and

treatment for 12-h group. The data were

represented as mean � SD, n = 3. ##P < 0.01

versus vehicle-treated control. **P < 0.01

versus glutamate-treated alone cells.
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Discussion

Here, we demonstrated that T3CA, a novel promising multifunc-

tional anti-AD candidate, prevented glutamate-induced cell death

in HT22 cells by activating the Nrf2/ARE/HO-1 pathway, an

endogenous prosurvival signaling pathway.

OS contributes to aging and age-related diseases, such as cancer,

cardiovascular diseases, chronic inflammation, and neurodegen-

erative diseases [39]. It was recognized as one of the earliest path-

ological changes that occurred in the pathogenesis of AD. OS and

damage are combated by endogenous antioxidant components

and enzymes. However, it is reported that AD brain has signifi-

cantly decreased levels of antioxidant enzymes, which causes the

brain more vulnerable to oxidative damage [40]. Brain-accessible

antioxidants have not only exogenous radical scavenging prop-

erty, but also an ability to induce endogenous antioxidative genes

that might be more helpful in the treatment for ROS-associated

diseases, including AD [41].

In the present study, T3CA was found to markedly reduce glu-

tamate-induced HT22 cell death (Figure 1D,E), which was in

compliance with our previous reports [23,42]. Treatment with

T3CA (30 lM) alone or combined with glutamate reduced the

amount of cells, which resulted in decrease in cell viability (MTT

assay) (Figure 1C,D). But it was interesting that T3CA did not

increase the LDH release (Figure 1E), suggesting that T3CA

(30 lM) might not be cytotoxic but only inhibit the cell prolifer-

ation [43–45]. It was reported that biophenol and polyphenols,

such as caffeic acid and caffeic acid derivatives, were capable of

inhibiting cell proliferation [46], suggesting that T3CA, a poly-

phenol, might also inhibit the proliferation of fissionable cells.

Interestingly, when T3CA was added simultaneously with gluta-

mate or 30 min to 6 h after the addition of glutamate, it still

protected HT22 cells against glutamate-induced cytotoxicity (Fig-

ure 1F), suggesting that T3CA exhibited not only preventive

effects but also therapeutic effects against oxidative damage with

wide time windows.

We previously demonstrated that T3CA could directly scav-

enge DPPH free radicals [23]. Therefore, we hypothesized that

T3CA could reduce the ROS accumulation within cells. T3CA

significantly reduced glutamate-induced ROS generation in

HT22 cells detected by using two fluorescence dyes H2-DCF-DA

and DHE (Figure 2A–C); the former is the indicator for H2O2,

and the later one is for O2
� [47]. It was reported that expo-

sure to high concentration of glutamate resulted in intracellu-

lar GSH depletion, ROS accumulation, decrease in SOD

activity, mitochondrial dysfunction, and cell death in HT22

cells [48]. However, our study showed that pretreatment with

T3CA dramatically reduced ROS accumulation without attenu-

ating the GSH depletion and SOD activity reduction in

glutamate-treated HT22 cells (Figure 2D,E). It was reported

that the depletion of GSH was necessary for the initial increase

in ROS production, while GSH decrease was insufficient to

generate the late ROS increase after 6 h of glutamate treat-

ment in HT22 cells when the mitochondrial electron transport

chain was the major source of ROS [49]. Moreover, the pre-

vention of mitochondrial OS was sufficient to protect against

(A)

(B)

(C)

Figure 5 HO-1 mediates the protection of T3CA. HT22 cells were transfected with siRNA targeting HO-1 or negative control siRNA (NC) for 24 h and then

exposed to 30 lM T3CA for 24 h (A) or to 30 lM T3CA for 30 min followed by exposure to 5 mM glutamate for 24 h (B). For immunoblotting assay,

whole cell extracts were subjected to SDS-PAGE and immunoblotting with antibodies specific to HO-1 and b-actin as a control. (A) The bands are

representative of three independent experiments. (B) Cell viability was determined by the MTT assay. (C) Cells were pretreated with/without 1 lM ZnPP-IX

for 1 h, followed by incubating with/without 30 lM T3CA for 30 min, and then exposed to 5 mM glutamate for 24 h. The data were represented as

mean � SD, n = 3. ##P < 0.01 versus vehicle-treated control. **P < 0.01 versus glutamate-treated alone cells. †P < 0.05, ††P < 0.01 versus T3CA

combination with glutamate-treated cells.
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glutamate-induced oxytosis in HT22 cells, and the recovery of

GSH was not necessary [50]. SOD converts superoxide anion

to hydrogen peroxide, which can be further detoxified. Usu-

ally, SOD responds to severe GSH depletion or OS. However, it

was reported that polyphenol, such as flavonoids or caffeic acid

phenethyl ester (CAPE), a caffeic acid derivative, might adjust

oxidant and antioxidant balance in cell lines by reacting with

oxygen free radicals and decrease the demand for endogenous

O2-scavenging antioxidants such as SOD and then protect OS-

induced cell death [51]. Our results indicated that T3CA pre-

vents OS-induced cell death through a GSH- and SOD-inde-

pendent mechanism.

Increasing evidence suggested that mitochondrial dysfunction

plays an important role in the pathogenesis of AD [52].

Inhibition of mitochondrial dysfunction was capable of attenu-

ating Ab-induced neurotoxicity in PC12 cells [53]. Several

mitochondria-targeting compounds have been identified with

potential efficacy in AD, such as hydroxytyrosol, curcumin,

flavanols, and omega-3 polyunsaturated fatty acid [54]. Hence,

the effects of T3CA on mitochondrial function were then

explored. As shown in Figure 3A,B, pretreatment with T3CA

stabilized mitochondrial membrane potential, the disruption of

which plays a key role in early stage of mitochondrial dysfunc-

tion. Cyto c, which locates at mitochondrial inner membrane,

(A) (B)

(C) (D)

(E)

(F)

Figure 6 T3CA activates Nrf2/ARE pathway, and Nrf2 mediates the protection of T3CA. (A) HT22 cells were pretreated with/without 30 lM T3CA for

30 min and then exposed to 5 mM glutamate for indicated time period. Nuclear and cytoplasmic extracts were isolated as described under Materials and

methods and subjected to SDS-PAGE and immunoblotting with antibodies specific to Nrf2 and b-actin as a control. (B) The statistics was representative of

bands of control and treatment for 12-h group. (C) HT22 cells were treated with 30 lM T3CA for 12 h. Cells were immunofluorescence stained with anti-

Nrf2 antibody. Nuclear counterstaining was carried out with Hoechst 33258. Fluorescence was visualized by a laser-scanning confocal microscope. (D)

After 24-h transfection, cells were treated with indicated concentration T3CA for 24 h. AREluciferase reporter gene assay was performed using a

commercial kit. (E) Cells were pretreated with/without different concentration of brusatol for 1 h, followed by incubating with/without 30 lM T3CA for

24 h, or (F) for 30 min followed by exposure to 5 mM glutamate. The bands are representative of three independent experiments. Cell viability was

determined by the MTT assay. #P < 0.05, ##P < 0.01 versus vehicle-treated control. **P < 0.01 versus glutamate-treated alone cells. ††P < 0.01 versus

T3CA combination with glutamate-treated cells.
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was released from mitochondria in response to proapoptotic

stimuli [29]. Up-regulation of Bcl-2, an antiapoptotic protein, is

able to inhibit OS-induced cells death [55]. Our results showed

that pretreatment with T3CA reduced glutamate-induced Cyto

c release into cytosol, but not significantly up-regulated Bcl-2,

which suggested that T3CA restored mitochondria function in

a Bcl-2-independent manner.

Besides its exogenous radical scavenging property (DPPH free

radicals scavenging assay), we wonder whether T3CA could

attenuate intracellular ROS accumulation and protect OS-

induced cell death further through its activation of endogenous

antioxidative networks. Among these endogenous antioxidative

proteins and enzymes, HO-1 is an inducible phase II antioxi-

dant enzyme and can be up-regulated in response to multiple

oxidative stimulations, such as UV light, heme, heavy metals,

GSH depletion, and H2O2 [14]. In this study, HO-1 was found

to be dramatically up-regulated by T3CA at mRNA and protein

levels (Figure 4A,B). It is some surprising that silencing HO-1

by siRNA or inhibiting HO-1 by ZnPP-IX, an inhibitor of HO-1,

only partially blocked the cytoprotection of T3CA (Figure 5B,

C). These results suggested that the neuroprotective effect of

T3CA against glutamate-induced cell death partially attributes

to HO-1 in HT22 cells. HO-1 could be posttranslationally modi-

fied by phosphorylated, which does not appear to increase its

catalytic activity [56]. It is clear that the main mechanism of

HO-1 regulation took place at the transcriptional level [57].

Therefore, Nrf2, the main upstream transcription factor of HO-

1, was explored.

Increasing evidence gave proof for the activation of Nrf2/ARE

pathway as a promising target for AD treatment [58–60]. In this

study, we found that T3CA increased Nrf2 nuclear translocation

(Figure 6A–C). Nrf2 was also slightly translocated to nucleus in

the first 3–6 h in glutamate-treated group, but it did not last after

6 h. When cells were exposed to OS, the cytoplasmic Nrf2 translo-

cated to nucleus [61]. Moreover, the ARE-driven transcriptional

activity was induced by T3CA (Figure 6D). To investigate whether

Nrf2 plays a key role in the protection of T3CA, brusatol, a Keap1/

Nrf2/ARE pathway inhibitor, was adopted. Brusatol decreased the

protein level of Nrf2, significantly reversed the up-regulation of

HO-1 by T3CA, and dramatically attenuated the protection of

T3CA (Figure 6E,F).

The disassociation of Nrf2 from Keap1 may be through the

direct modification of reactive cysteine residues in Keap1 by

endogenous products of OS or reactive chemicals [12,62,63]. After

treatment with T3CA, protein level of Keap1 was dramatically

decreased (Figure 7), suggesting the degradation of Keap1. There-

fore, T3CA might activate the Keap1/Nrf2/ARE pathway through

directly degrading Keap1.

In summary, our findings clearly demonstrate that T3CA, a

novel promising multifunctional anti-Alzheimer’s dimer, prevents

OS-induced neuronal death through activating the Nrf2/ARE/

HO-1 pathway, an endogenous antioxidative system, indicating

that T3CA appears to have significant potential in preventing OS-

associated diseases, such as AD.
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